The Na C /I K symporter (NIS (SLC5A5)) is a transmembrane glycoprotein that mediates active iodide uptake into thyroid follicular cells. NIS-mediated iodide uptake in thyroid cells is the basis for targeted radionuclide imaging and treatment of differentiated thyroid carcinomas and their metastases. Furthermore, NIS is expressed in many human breast tumors but not in normal non-lactating breast tissue, suggesting that NIS-mediated radionuclide uptake may also allow the imaging and targeted therapy of breast cancer. However, functional cell surface NIS expression is often low in breast cancer, making it important to uncover signaling pathways that modulate NIS expression at multiple levels, from gene transcription to posttranslational processing and cell surface trafficking. In this study, we investigated NIS regulation in breast cancer by MAPK/extracellular signal-regulated kinase (ERK) kinase (MEK) signaling, an important cell signaling pathway involved in oncogenic transformation. We found that MEK inhibition decreased NIS protein levels in all-trans retinoic acid/ hydrocortisone-treated MCF-7 cells as well as human breast cancer cells expressing exogenous NIS. The decrease in NIS protein levels by MEK inhibition was not accompanied by a decrease in NIS mRNA or a decrease in NIS mRNA export from the nucleus to the cytoplasm. NIS protein degradation upon MEK inhibition was prevented by lysosome inhibitors but not by proteasome inhibitors. Interestingly, NIS protein level was correlated with MEK/ERK activation in human breast tumors from a tissue microarray. Taken together, MEK activation appears to play an important role in maintaining NIS protein stability in human breast cancers.
Introduction
Breast cancer is the most common type of cancer in women living in the United States and is the second most common cause of cancer death in women (American Cancer Society 2012) . Because of routine clinical examination and increased use of mammographic screening, diagnosis is currently made at an earlier stage of the disease. Conventional treatments for breast cancer include surgery, radiation therapy, chemotherapy, hormone therapy, and/or MAB therapy. However, despite improvements in breast cancer treatments, the 5-year survival rate for breast cancer patients with distant metastases remains low at 23% (American Cancer Society 2012) . Accordingly, the development of non-invasive imaging modalities that allow early detection and monitoring of recurrence and metastases as well as alternative targeted therapy with minimal side effects for breast cancer patients remains warranted.
The Na C /I K symporter (NIS (SLC5A5)) is a transmembrane glycoprotein that mediates active iodide uptake in the thyroid gland, as well as in extra-thyroidal tissues such as salivary gland, gastric mucosa, and lactating mammary gland. NIS-mediated iodide uptake in thyroid cells is the basis for targeted radionuclide imaging and treatment of differentiated thyroid carcinomas and their metastases. The finding that NIS is also expressed in breast cancer inspires the possibility that patients with breast cancer may also benefit from NIS-mediated radionuclide imaging and therapy (Tazebay et al. 2000 , Wapnir et al. 2003 . However, the level of cell surface NIS is too low for effective NIS-mediated radionuclide therapy of breast cancer (Wapnir et al. 2004 , Beyer et al. 2009 . A better understanding of NIS regulation in breast cancer is necessary to realize NIS-mediated radionuclide imaging and ablation of breast cancer, as NIS expression/activity needs to be selectively upregulated in breast cancer to achieve clinical benefits.
MAPK/ERK kinase (MEK)/extracellular signalregulated kinase (ERK) signaling has been recognized to play a role in oncogenic transformation. This signaling pathway is activated by cell surface growth factor receptors and induces cellular proliferation, differentiation, and survival. MEK1/2-ERK1/2 signaling pathway has been proposed to be a potential molecular target for cancer therapies. PD0325901 and AZD6244 are small molecule inhibitors of MEK that have shown antitumor activity in tumor xenograft models and have now entered into phase I/II human clinical trials for breast cancer, melanoma, and non-small-cell lung carcinoma, among other cancer types (reviewed in Roberts & Der (2007) ). MEK inhibitor has been recently shown to restore radioiodine accumulation in mouse thyroid cancers with conditional BRAF activation (Chakravarty et al. 2011) and in non-avid thyroid cancer lesions in some patients (Ho et al. 2012) .
The role of MEK signaling on NIS modulation in breast cancer is unknown. In this study, we investigated the effects of MEK inhibitor on NIS expression in human breast cancer cells. In contrast to thyroid cells, MEK inhibition decreased NIS protein levels by promoting lysosome-mediated NIS protein degradation in human breast cancer cell lines. Interestingly, NIS protein levels were correlated with pERK levels, an indicator of MEK/ERK activation, in human breast tumors. Taken together, MEK activation appears to play an important role in maintaining NIS protein stability in human breast cancers.
Materials and methods

Cell culture
MCF-7 breast cancer cells were maintained in 44.5% DMEM (Invitrogen) and 44.5% F-12 (Invitrogen) supplemented with 10% FCS (Invitrogen) and 1% penicillin/-streptomycin (Invitrogen). T47D breast cancer cells were maintained in DMEM with 10% fetal bovine serum and 1% penicillin/streptomycin. SK-Br-3 breast cancer cells were maintained in RPMI-1640 (Invitrogen) with 10% fetal bovine serum and 1% penicillin/streptomycin. Reagents U0126 (Promega) and U0124 (Promega) were dissolved in DMSO at 10 mM before adding them to the media. Leupeptin and chloroquine (Sigma) were dissolved in distilled water at 10 mM. All-trans retinoic acid (tRA) (Sigma) was dissolved in DMSO at 10 mM. Hydrocortisone (H) (Sigma) was dissolved in DMEM at 1 mM. MG132 and b-lactone (Sigma) were dissolved in DMSO at 5 mM.
Western blot analysis
Proteins extracted from whole cells were subjected to 10% SDS-PAGE and transferred to a nitrocellulose membrane. After the membrane was blocked in 5% nonfat dry milk overnight at 4 8C, human NIS, ERK1/2, phosphorylated ERK1/2 (pERK1/2), p53, and b-actin were detected using custom-made polyclonal rabbit antihuman NIS antibody (1:1000 dilution), sc-94 polyclonal rabbit anti-ERK1/2 antibody (Santa Cruz Biotechnology, 1:250 dilution), sc-7976 polyclonal rabbit anti-pERK1/2 antibody (Santa Cruz Biotechnology, 1:250 dilution), polyclonal rabbit antip53 antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:300 dilution), and monoclonal mouse anti-b-actin antibody (Abcam, Cambridge, MA, USA; 1:2000) respectively. Primary antibodies were detected using appropriate HRP-conjugated secondary antibodies. The signal was then detected by enhanced chemiluminescence detection reagents. NIS proteinlevelswerequantitatedbydensitometry analysis using ImageL software and normalized with b-actin.
Radioactive iodide uptake assay MCF-7 cells were seeded in 12-well plates for 24 h. Cells were then treated as indicated before radioactive iodide uptake (RAIU) assay. RAIU was performed as described previously (Zhang et al. 2005) 
RNA analysis
MCF-7 cells were seeded in 60 mm dishes for 24 h. Cells were then treated with or without tRA/H and pharmacological inhibitors, as indicated. The total RNA was isolated using TRIzol reagent (GibcoBRL) according to the manufacture's protocol. Cellular fractionation before RNA extraction was performed using hypotonic lysis as described previously with some modification (Phelps et al. 2005) . Cells were washed with PBS and detached with 0.25% trypsin treatment. Cells were pelleted by centrifugation at 300 g for 5 min at 4 8C. Cell pellets were resuspended in 200 ml cold hypotonic lysis buffer (10 mM Tris-HCl, pH 7.6, 1 mM CH 3 COOK, 1.5 mM CH 3 COOMg, and 2 mM dithiothreitol) containing 1 ml RNase OUT and put on ice for 5 min. Cell lysates were centrifuged at 300 g for 2 min at 4 8C to separate the cytoplasmic extract from the nuclear pellet. Then cytosolic RNA and nuclear RNA were isolated using the same method as the total RNA isolation. For the Taqman quantitative PCR (qPCR) analysis of NIS transcripts, 1 mg RNA was used for the reverse transcription reaction (Applied Biosystems). Quantitative PCR was performed in 20 ml reaction volumes containing 1! Power SYBR Green PCR Master Mix (Applied Biosystems), cDNA (from 100 ng of RNA), and primers. The paired primers used for amplifying hNIS were NIS-F 5 0 -CCGGATCAACCTCATG-GACT-3 0 and NIS-R 5 0 -CTGAGGGTGCCACTGTAAG-3 0 .
The paired primers for amplifying GAPDH were GAPDH-F 5 0 -CATCATCTCTGCCCCCTCTGCTG-3 0 and GAPDH-R 5 0 -GCAATGCCAGCCCCAGCGTCAAAGG-3 0 . Reaction mixtures were incubated at 50 8C for 2 min followed by an initial activation at 95 8C for 15 min and then subjected to 40 PCR cycles of denaturation (95 8C for 15 s), annealing (56 8C for 30 s), and extension (60 8C for 1 min) using ABI 7900HT instrument (Applied Biosystems). The relative amount of hNIS cDNA or GAPDH cDNA of various samples was measured against the standard curves created by serial dilutions of plasmids containing hNIS or GAPDH respectively. GAPDH was used to normalize the quantification of hNIS. The data were presented as hNIS copies per 10 6 molecules of GAPDH. Each experiment was performed in triplicate.
Adenovirus-mediated transduction of dominant negative MEK1 or FLhNIS
Cells were seeded for 24 h, washed with PBS twice, and followed by incubation with recombinant adenovirus (MOIZ5) in cultured medium with 2% FBS for 3 h. Transduced cells were then washed with PBS twice and cultured in regular media for additional 24 h before conducting RAIU assay. Recombinant adenovirus carrying LacZ or dominant negative MEK1 (A217/A221) was acquired from Cell Biolabs (San Diego, CA, USA). Recombinant adenovirus carrying FLhNIS was engineered in our laboratory (Lin et al. 2004) . For experiments treated with U0126, U0126 was added 24 h post-transduction.
Immunohistochemistry
The paraffin-embedded formalin-fixed human breast cancer tissue microarray slides were requested through The Ohio State University (OSU) Wexner Medical Center's (WMC) Tissue Archives Service. Access to and use of these samples were covered under an exempt Institutional Review Board (IRB)-approved protocol allowing for use of anonymous archival tissues in research. This array consisted of randomly selected breast tissues from patients diagnosed with breast carcinoma at The OSU Medical Center from 1992 to 1994. All tumor specimens were primary, although 29% of the patients also had local lymph node metastases. None had known distant metastases. The average age of the patients is 42.26 years. Eighty-nine percent of them are Caucasian and 11% are African-American. Immunohistochemical staining for NIS or pERK was performed as described previously (Knostman et al. 2007) . Slides were incubated with rabbit polyclonal antihuman NIS primary antibody (1:500) or anti-pERK (1:100) antibody (Cell Signaling Technology, Danvers, MA, USA) for 1 h. The slides were then incubated with HRP-conjugated goat anti-rabbit IgG secondary antibody (Bio-Rad; 1:250) for 30 min and detected by chromogen DAB (Dako, Carpinteria, CA, USA).
Thirty-one of the breast tumors on the array had suitable integrity for interpretation of both NIS and pERK expressions. The microarray consisted of two cores from each tumor, each core 2 mm in diameter and sectioned to 4 mm thickness, that corresponded to different regions of the tumor. The intensity of cell surface/cytoplasmic NIS immunostaining in both cores was evaluated by three investigators independently, including an experienced pathologist. Absent staining was scored as 0; weak staining was scored as 1C; weak to moderate staining was scored as 2C; and strong NIS staining was scored as 3C. Cases with scores of 2C and 3C were considered positive for NIS immunostaining.
Statistical analysis
Statistical comparison of RAIU was performed using paired Student's t-test. Differences were considered significant at P!0.05. Fisher's exact test was conducted to show the correlation between ERK activation and NIS expression by immunohistochemical staining in human breast cancers (Table 1) . 
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Results
MEK inhibition decreases NIS protein levels and iodide uptake in tRA/H-treated MCF-7 human breast cancer cells
It has previously been shown that a combination treatment of tRA and hydrocortisone induces NIS protein levels and RAIU in MCF-7 human breast cancer cells (Dohan et al. 2006) . To investigate the roles of MEK signaling on tRA/hydrocortisone (tRA/H)-induced NIS expression, MCF-7 cells were treated with MEK inhibitor, U0126, in the presence of tRA/H treatment. As shown in the left panel of Fig. 1A and B, U0126 decreased NIS protein levels in a dose-dependent manner in MCF-7-tRA/H cells, yet U0124, an inactive U0126 analog, did not have any effects on NIS protein levels. Consistent with decreased NIS protein levels, U0126 dose dependently decreased NIS-mediated iodide uptake in MCF-7-tRA/H cells (Fig. 1C) . PD98059 (50 mM), another MEK inhibitor with a distinct structure from U0126, also decreased NIS protein levels in MCF-7-tRA/H cells (data not shown). Moreover, NIS protein levels were decreased in MCF-7-tRA/H cells infected with recombinant adenovirus carrying dominant negative MEK1 (A227/A221) compared with cells infected with recombinant adenovirus carrying LacZ as a control (right panel in Fig. 1A ). Taken together, MEK inhibition decreases NIS protein levels in MCF-7-tRA/H cells. Note that neither b-actin nor ERK1/2 protein levels were decreased by MEK inhibition.
MEK inhibition does not decrease NIS mRNA levels or decrease export of NIS mRNA to cytoplasm in MCF-7-tRA/H cells To examine whether the decrease in NIS protein levels by MEK inhibition is contributed by decreased NIS mRNA levels, we investigated NIS mRNA levels in the presence or absence of U0126. As expected, tRA/H increased NIS mRNA levels; however, U0126 did not decrease NIS mRNA levels in MCF-7-tRA/H cells ( Fig. 2A) . We then further examined whether U0126 decreases NIS mRNA export from nucleus to cytoplasm. As shown in Fig. 2B , U0126 had no significant effect on cytosolic NIS mRNA levels. To ensure that the cytosolic RNA fraction is not contaminated with nuclear RNA, we showed that U6 nuclear RNA was predominantly detected in nuclear RNA fraction via RT-qPCR analysis (data not shown). These findings indicate that the decrease in NIS protein levels by U0126 was not due to a decreased transcription rate, mRNA stability, or mRNA export from nucleus.
MEK inhibition leads to lysosomal-mediated NIS protein degradation in MCF-7-tRA/H cells
To examine whether MEK inhibition leads to proteasomalor lysosomal-mediated NIS degradation, NIS protein levels were investigated in U0126-treated MCF-7-tRA/H cells in the presence of proteasome or lysosome inhibitors. As shown in Fig. 3A and B, MG132 and b-lactone proteasome inhibitors had no effect on NIS protein levels. The efficacy of proteasome inhibition was demonstrated by increased p53 protein levels, a protein with well-characterized mechanism of proteasomal degradation. While lysosome inhibitor leupeptin or chloroquine alone had little effect on NIS protein levels in MCF-7-tRA/H cells, NIS reduction by U0126 was prevented by co-treatment with lysosome inhibitor (Fig. 3C and D) . These findings indicate that the decrease in NIS protein levels by U0126 was largely contributed by lysosomal-mediated NIS protein degradation in MCF-7-tRA/H cells. Note that lysosome inhibitor did not alter pERK nor total ERK1/2 level.
MEK inhibition leads to lysosomal-mediated NIS protein degradation in MCF-7, SK-Br-3, and T47D breast cancer cells expressing exogenous NIS
To investigate whether the finding that MEK inhibition leads to lysosomal-mediated NIS protein degradation is restricted to MCF-7-tRA/H cells, we examined the effect of U0126 in the presence and absence of lysosome inhibitor on NIS protein levels in three human breast cancer cell lines infected with recombinant adenovirus carrying CMV promoter-driven NIS cDNA. In addition to estrogen receptor-positive MCF-7 cells, we included other estrogen receptor-positive T47D cells and the estrogen receptornegative SK-Br-3 cells. As shown in Fig. 4 , U0126 leads to lysosomal-mediated NIS protein degradation, which is prevented at least partially by the presence of leupeptin in all three human breast cancer cell lines. These results suggest that MEK signaling plays an important role in modulating NIS protein stability in various human breast cancer cells. 
NIS expression is associated with MEK/ERK activation in human breast tumors
To examine whether MEK activation is associated with the presence of NIS protein in human breast tumors, we performed immunohistochemical staining against pERK as an indicator of MEK activation, as well as NIS, in a tissue microarray consisting of 31 human breast tumors. Among the 31 tumors examined, 14 are NIS positive and 19 are NIS negative; 12 are pERK positive and 19 are pERK negative. As shown in Fig. 5 , MEK activation status appears to correlate with NIS protein levels, i.e. pERKnegative tumors are generally NIS negative, and pERKpositive tumors are generally NIS positive. Note that NIS-positive tumors were three times more likely than NIS-negative tumors to have ERK phosphorylation, and Fisher's exact test confirmed a significant association between NIS and pERK expression among breast tumors (PZ0.01) (see Table 1 ). By contrast, NIS expression was not associated with tumor estrogen or progesterone receptor status as reported in our previous study ( Knostman et al. 2007) . Taken together, our data suggest that MEK activation plays an important role in maintaining NIS protein stability in most breast tumors.
Discussion
In this study, we found that MEK inhibition decreased NIS protein levels as well as NIS-mediated iodide uptake in tRA/H-treated MCF-7 breast cancer cells. The decrease in NIS protein levels by MEK inhibition was not due to decreased NIS mRNA levels or decreased NIS mRNA export from nucleus to cytoplasm but due to lysosome-mediated NIS degradation. This is the first report to describe NIS modulation by lysosomal-mediated degradation. The fact that MEK inhibition decreased both tRA/H-induced endogenous NIS in MCF-7 cells and exogenous NIS expressed in all three examined breast cancer cell lines indicates that MEK activation plays an important role in maintaining NIS protein stability in breast cancers. This novel finding is further supported by the correlation of NIS expression with MEK/ERK activation in a tissue microarray composed of 31 human breast tumors. Kogai et al. (2000) first reported that tRA induces NIS mRNA, NIS protein, and NIS-mediated RAIU in MCF-7 human breast cancer cells, which was later confirmed by several other groups (Dohan et al. 2006 , Unterholzner et al. 2006 . Corticosteroids (dexamethasone or hydrocortisone) alone had minimal effect on NIS-mediated RAIU activity in MCF-7 cells; however, they greatly enhance NIS expression/activity in tRA-treated MCF-7 cells (Kogai et al. 2005 , Unterholzner et al. 2006 . NIS induction by tRA is primarily contributed by increased transcription of NIS (Kogai et al. 2000) , and corticosteroid appears to stabilize tRA-induced NIS mRNA (Kogai et al. 2005) .
A recent publication by Kogai et al. (2012) showed that p38 kinase inhibitor, but not MEK inhibitor, reduces NIS-mediated RAIU activity in tRA-treated MCF-7 cells. In contrast to reduced NIS protein stability in the presence of MEK inhibitor, p38 kinase inhibitor reduces NIS mRNA levels, most likely by reducing NIS transcription. In agreement with their finding, we found that RAIU was not significantly decreased by U0126 at 10 mM but only significantly decreased by U0126 at a concentration O20 mM in MCF-7-tRA/H cells (Fig. 1C) . Accordingly, we chose 20 mM U0126 to examine the mechanisms underlying NIS reduction by U0126, as NIS protein degradation was consistently found in cells treated with 20 mM U0126. Similarly, iodide uptake was not reduced in MCF-7/tRA/H cells treated with 10 mM PD98059 (Kogai et al. 2012 ), yet we found a significant reduction in iodide uptake when cells were treated with a higher dose of 50 mM PD98059. Taken together, MEK signaling needs to be inhibited to a certain extent before eliciting lysosomal-mediated NIS protein degradation in human breast cancer cells. Note that pERK level was slightly decreased by tRA/H treatment in MCF-7 cells ( Figs 1A and 3A) .
In thyroid cells, it has been shown that MEK activation decreases NIS expression/activity and that MEK inhibition NIS expression is correlated with MEK/ERK activation in human breast tumors. Immunohistochemical analysis showed that the majority of human breast tumors that were positive for pERK were also positive for NIS, whereas the majority of those breast tumors that were negative for pERK were also negative for NIS. Immunohistochemical staining for pERK (a, b, c and d) and corresponding NIS proteins (e, f, g and h) in four representative breast cancer specimens are shown. MagnificationZ400!.
increases NIS protein levels (Riesco-Eizaguirre et al. 2006 , Vadysirisack et al. 2007 . In human breast cancer cells, MEK inhibition targeted NIS proteins to lysosomal degradation. Not only did this study uncover a novel mechanism for NIS modulation but we also showed that MEK signaling plays a very different role in NIS modulation between breast cancer cells and thyroid cells. This finding may help to explain why NIS is often reduced in thyroid carcinomas but increased in breast carcinomas compared with their respective normal tissues, despite that MEK is activated in both thyroid and breast cancers. It would be most interesting to investigate whether differential NIS modulation by MEK signaling between thyroid and breast cancer is due to differences in modifications of NIS itself or differences in modifications of lysosomal machinery.
Interestingly, Imai et al. (2009) recently showed that MEK inhibition resulted in lysosomal-mediated protein degradation of another plasma membrane protein in breast cancer cells, known as the breast cancer resistance protein. MEK inhibition has also been reported to result in degradation of another cell surface protein in MCF-7 cells, known as the multi-drug resistance protein 1 P-glycoprotein, although this mechanism of protein degradation is yet to be elucidated (Katayama et al. 2007) .
The sorting of transmembrane protein to endosomelysosome is mediated by signals present in the cytosolic fragments of protein. Two major classes of these signals are 'tyrosine-based' and 'dileucine-based' sorting signals (Bonifacino & Traub 2003) . Dileucine-based sorting signals are represented by the motifs, [DE] XXXL [LI] and DXXLL. Human NIS contains 12 dileucines (LL) and six leucine-isoleucine (LI), in which two (L282L283 and L562L563) of these 12 LL and three (L283I284, L370I371, and L546I547) of these six LI are predicted to be located intracellularly. However, these intracellular LL and LI do not match with the [DE]XXXL [LI] or DXXLL motif. Tyrosine-based sorting signal is represented by the NPXY and YXXØ consensus motifs (X stands for any amino acid and Ø stands for an amino acid residue with a bulky hydrophobic side chain). YXXØ signals are much more widely involved in the targeting of transmembrane proteins to lysosomes and lysosome-related organelles (Bonifacino & Traub 2003) . YXXØ sorting signal is recognized by specific adaptor protein complexes and the recognition is believed to be regulated by phosphorylation/dephosphorylation of the tyrosine amino acid residue in the YXXØ motif or its adjacent amino acid residues. In addition, ubiquitin and acidic clusters or specific folded structures can also serve as endosomelysosome sorting signals (Bonifacino & Traub 2003) .
In hNIS, five tyrosines (Y110, Y118, Y120, Y137, and Y178), which are located in intracellular domain, may serve as 'tyrosine-based YXXØ' lysosome sorting signal. Using PPSP, GPS and Motif Scan to analyze the predicated intracellular domains of hNIS, T442, T596, and T627 are identified as possible ERK phosphorylation sites. However, these three amino acid residues are not adjacent to the five possible YXXØ motifs. Our initial study found that both phosphor-mimic and phosphor-defective T442 mutants resulted in decreased iodide uptake (data not shown). This result suggests that structural geometry, not phosphorylation status of T442, modulates NIS activity. Thus, further studies are required to determine whether lysosomemediated NIS degradation is modulated by NIS phosphorylation.
In conclusion, this study uncovers a novel mechanism of NIS modulation by lysosomal degradation, and MEK activation appears to contribute to NIS protein stability in human breast cancer. Further investigation on the underlying mechanisms in which MEK signaling leads to increased NIS stability may identify useful targets to selectively increase radionuclide uptake in breast cancer.
